Abstract -Obesity is a major risk factor for cardiometabolic disease, but the effect of body composition on vascular aging and arterial stiffness remains uncertain. We investigated relationships among body composition, blood pressure, age, and aortic pulse wave velocity in healthy individuals. Pulse wave velocity in the thoracic aorta, an indicator of central arterial stiffness, was measured in 221 volunteers (range, 18 -72 years; mean, 40.3 ± 13 years) who had no history of cardiovascular disease using cardiovascular MRI. In univariate analyses, age ( r =0.78; P < 0.001) and blood pressure ( r =0.41; P < 0.001) showed a strong positive association with pulse wave velocity. In multivariate analysis, after adjustment for age, sex, and mean arterial blood pressure, elevated body fat% was associated with reduced aortic stiffness until the age of 50 years, thereafter adiposity had an increasingly positive association with aortic stiffness ( β =0.16; P < 0.001). Body fat% was positively associated with cardiac output when age, sex, height, and absolute lean mass were adjusted for ( β =0.23; P =0.002). These fi ndings suggest that the cardiovascular system of young adults may be capable of adapting to the state of obesity and that an adverse association between body fat and aortic stiffness is only apparent in later life. ( Hypertension . 2013;61:00-00.)
O besity is associated with an excess of major cardiovascular events 1 -3 and potentially represents an important modifi able risk-factor in the general population. One of the earliest manifestations of vascular aging in humans is impairment of central arterial function 4 -6 but how adiposity modifi es this process is uncertain. In older adults, there are data that indicate increasing arterial stiffness with obesity, 7 -9 although fi ndings have been inconsistent across studies. 10 -13 In contrast, obese children have reduced arterial stiffness compared with their normal weight peers, 14 -16 an effect thought to result from physiological adaptation to the hyperemic state of obesity in the young. 16 Taken together these contrasting data from young and old populations suggest age-related differences in the relationship between body composition and arterial stiffness, which have not been fully explored.
Pulse wave velocity (PWV) has been extensively used as a noninvasive measure of arterial stiffness and is strongly predictive of adverse cardiovascular outcomes and all-cause mortality in unselected populations. 17 -19 Central arteries are rich in elastin that enables effi cient arterial-ventricular coupling and optimal transfer of stroke volume to the circulation. 20 , 21 Elastic fi bers become degraded and fragmented with age and disease, which are accelerated by additional crosslinking from advanced glycation end-products, leading to increased stiffness of the arterial wall. 22 Assessment of the vascular phenotype using PWV enables subclinical vascular disease to be quantifi ed even before the onset of systemic hypertension. 23 , 24 Although the association between obesity and adult cardiovascular disease has been extensively studied, there are fewer data available on the subclinical effects of elevated body fat on early vascular disease in overtly healthy subjects. In this study, we aimed to investigate a population without known cardiovascular disease and assess the effect of body composition on the relationship between aging and aortic PWV.
Methods

Subjects
A total of 221 adult volunteers (127 women; age range, 18 -72 years; mean, 40.3 years) were prospectively recruited via advertisement for a substudy of the UK GenScan (Genetic Studies of the Heart and Circulation) project. We excluded participants at screening who had known cardiovascular disease or were being treated for hypertension, diabetes mellitus, or hypercholesterolemia. Female subjects were excluded if they were pregnant or breastfeeding but were eligible if they took oral contraceptives. Standard published safety contraindications to MRI were applied 25 with a scanner weight limit of 100 kg. All subjects provided written informed consent for participation in the study, which was approved by the local research ethics committee.
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Study Protocol
Central PWV was measured in the thoracic aorta using cardiovascular magnetic resonance. All studies were performed on a 32-channel 1.5T Philips Achieva system (Best, The Netherlands). Phase-contrast sequences were acquired at the level of the pulmonary bifurcation, perpendicular to both the ascending and the descending thoracic aorta, enabling simultaneous study of both vessels. The phase-contrast data were acquired using a retrospectively ECG-gated breathhold sequence with a through-plane velocity-encoding gradient of 200 cm/s. The sequence parameters were as follows: fi eld-ofview=370 mm × 370 mm, repetition time=2.8 ms, echo time=1.4 ms, fl ip angle=15 ° , and voxel size=1.65 mm × 1.92 mm × 10 mm, with a temporal resolution of 33 ms. For the calculation of aortic length, ECG-gated balanced steady state -free precession images were acquired through the thoracic aorta using the following parameters: fi eld-of-view=320 mm × 320 mm, repetition time=3.4 ms, echo time=1.7 ms, fl ip angle=60 ° , and voxel size=1.65 mm × 1.92 mm × 10 mm.
To assess left ventricular (LV) function and mass, a stack of cine balanced steady state -free precession images was acquired in the LV short axis plane from base to apex using the following parameters: fi eld-of-view=370 mm × 370 mm, repetition time=3.0 ms, echo time=1.5 ms, fl ip angle=60 ° , voxel size=2.0 mm × 2.2 mm × 8 mm, and 30 cardiac phases.
Image Analysis
Aortic arch PWV was calculated from the 3-dimensional (3D) vessel length ( D ) and transit time ( ∆ t ) between the fl ow waveforms in the ascending and descending thoracic aorta. All analyses were performed using validated software (ART-FUN, Inserm, Paris). 26 , 27 The path length was defi ned on the anatomic images to create a 3D Bezier curve through the centerline of the aorta intersecting the plane at which fl ow measurements had been obtained.
Aortic PWV ( D / ∆ t ) was calculated from the time-shift between the fl ow waveforms in the ascending and descending aorta using sigmoid curves fi tted to the systolic up-slope of the normalized fl ow curves. 27 Volumetric analysis of the LV cine images was performed with CMRtools (Cardiovascular Imaging Solutions, London, United Kingdom) using semiautomated segmentation of the left ventricle with tracking of the mitral and aortic valves. LV mass and cardiac output were derived from these data. LV mass was indexed to body surface area before analysis.
Body Composition and Blood Pressure
All measurements were performed by specially trained cardiology nurses at the study center. Height and weight were measured without shoes while wearing scrubs. Total body fat mass was measured with multi-frequency bioelectrical impedance analysis (InBody 230, BioSpace, Los Angeles, CA) 28 and expressed as a percentage of the participant ' s total body weight. Body mass index (BMI) was calculated as the total weight (kg) divided by the height (m) squared. Lean mass index (LMI) was calculated as the fat free mass (kg) divided by the height (m) squared. 29 Blood pressure (BP) measurement was performed after 5 minutes rest in accordance with European Society of Hypertension guidelines 30 using a calibrated oscillometric device (Omron M7, Omron Corporation, Kyoto, Japan) that has been validated in both normal 31 and obese populations. 32 The fi rst of 3 measures was discarded, and the second 2 values were averaged. Mean arterial pressure (MAP) was calculated as [(2 × diastolic pressure)+systolic pressure]/3.
Statistical Analysis
Data were analyzed using R, version 2.15.0. 33 Aortic PWV was positively skewed and so was transformed by taking logarithms for the purposes of parametric analyses. Pearson r correlation coeffi cients and multiple linear regression were used to assess the associations among age, sex, BP, and measures of body composition with aortic PWV, cardiac output, and LV mass. To assess for sex by body composition and age by body composition interactions, the relevant variables were fi rst centred around their mean values to reduce errors caused by multicollinearity and then entered into the regression model. 34 The Shapiro -Wilks test was used to assess the departure from normality of the residuals of the regression model using log aortic PWV as the dependent variable. Signifi cant interactions were further analyzed using simple plots. 34 
Results
Summary statistics for the main variables measured in the study are shown in Table 1 . Table 2 summarizes correlations between log aortic PWV and age, MAP, and body composition. Age ( Figure 1 ) and MAP showed strong positive correlations with aortic PWV; BMI showed a weak positive correlation; and body fat% and LMI did not show any signifi cant correlation. Body fat% was positively correlated with age ( r =0.28; P < 0.001).
Univariate Associations With Aortic PWV
Independent Predictors of Aortic PWV
We performed multiple linear regression analyses to examine the relationship between body composition and log aortic PWV after adjusting for the effects of age, sex, and BP. The residuals of the models did not depart from normality (all P > 0.05). We found no correlation between heart rate (HR) and aortic PWV. In addition, we found no signifi cant main effect of HR when it was included in the regression models and no signifi cant interaction between HR and age; hence, HR has not been included in the models reported below.
Two separate models were constructed for assessing obesity (BMI and body fat%), which are summarized in Table  3 . In both models, age was the strongest predictor of PWV, accounting for > 60% of the variance. MAP retained an independent, positive association with PWV, accounting for a modest additional 3% to 4% of the variance.
BMI and body fat% were also independent predictors of PWV. However, despite being positively associated with PWV in the univariate analysis, when the effects of age, MAP, and sex are controlled for, BMI and body fat were shown to be negatively associated with PWV. Therefore, overall, obesity was associated with lower aortic stiffness when the effects of age, sex, and MAP were taken into account.
Next, to test the hypothesis that the relationship between body composition and aortic PWV is modifi ed by age, we performed further regression analyses with an interaction term of age by body composition included in the model. These results are summarized in Table 4 and Figure 2 . The main effects of age, BP, and body composition were similar to the previous models. In addition, there was a signifi cant interaction between body fat% and age, but not between BMI and age. Figure 2 illustrates the nature of these interactions demonstrating that body fat% has an increasingly positive association with PWV as age increases. In young adults, increased body fat% is associated with a lower PWV, whereas, in older adults, increased body fat% is associated with a higher PWV.
We also constructed models to assess the relationship between nonfat mass and aortic PWV, using LMI as a predictor. These models are summarized in Tables 3 and 4 . When included alone, LMI did not show a signifi cant independent association with PWV. However, when the age and LMI interaction term were included, LMI did show a signifi cant, positive main effect. In addition, there was a signifi cant interaction between LMI and age. As demonstrated in Figure 3 , the signifi cant positive relationship between LMI and aortic PWV is diminished at older ages.
Finally, to test the hypothesis that body composition has different effects on PWV in women compared with men, we performed a further set of analyses, including a sex by body composition interaction. There were no signifi cant sex by body composition interactions for any of the models tested, suggesting that body composition has a similar effect on PWV for both men and women (all P > 0.05).
Body Composition and Cardiac Output
BMI was positively associated with cardiac output, both in univariate analysis ( r =0.26; P < 0.0001) and when age and sex were adjusted for ( β =0.28; P < 0.0001). Body fat% was not associated with cardiac output in univariate analysis ( r = − 0.11; P =0.11) but was positively associated with cardiac output when age, sex, height, and absolute lean mass were adjusted for ( β =0.23; P =0.002).
Aortic Stiffness and LV Mass
PWV had no association with LV mass (indexed to body surface area) 35 in either univariate analysis ( r = − 0.11; P =0.10) or when age, sex, and MAP were adjusted for ( β =0.06; P =0.51).
Discussion
In this study of healthy adults, we found that elevated body fat is associated with reduced aortic stiffness until middle age; thereafter, adiposity has an increasingly positive association with aortic stiffness which is independent of BP. These fi ndings suggest that an adverse association between body fat and aortic stiffness is only apparent in later life.
The negative association between obesity and vascular stiffness observed in children 16 and adolescents 14 , 15 and the positive association reported in older adults and the elderly 7 -9 , 12 are consistent with our fi ndings across the adult age span and support the hypothesis that during adulthood, the physiological relationship between obesity and vascular function alters. We also observed that both high body fat and reduced lean mass were associated with lower PWV in younger adults. Studies that have failed to show a clear relationship between body composition and aortic stiffness have typically been performed on a predominantly middle-aged population, 10 , 36 , 37 at which age we observed the weakest association between obesity and aortic PWV. Two previous studies have shown a positive relationship between obesity and PWV in women only, 12 , 13 but we found no sex differences in the relationship between body composition and aortic stiffness. Corresponding age-dependent effects on vascular elastic function have also been observed, with obese children demonstrating higher arterial elasticity 38 , 39 and obese adults having impaired elasticity. 40 , 41 An association reported between carotid-femoral pulse wave velocity and HR 7 , 42 has been attributed to fatigue failure of elastin fi bers; 43 however in common with another MRI study, we did not observe a relationship between HR and aortic PWV. 23 The physiological mechanisms linking body fat with arterial stiffness are not fully understood, although several possibilities have been proposed. 44 Even short-term weight gain can alter arterial stiffness, and a plausible explanation is that changes in insulin sensitivity, activation of the renin -angiotensin system, sympathetic nervous system activation, and modulation of smooth muscle tone are infl uential factors. 45 Subclinical insulin resistance and chronic hyperglycemia may also mediate vascular stiffening in older individuals through increased generation of advanced glycation end-products, and both serum carboxymethyl lysine 46 and glycated hemoglobin 7 concentration are independent predictors of PWV in the elderly. Therefore, cumulative lifetime exposure to body fat may be infl uential in determining age-related vascular stiffening, and persistence of excess weight beyond childhood is common especially in more severe obesity. 47 The cardiometabolic effects of a higher proportion of lean mass in young adults and the expansion of visceral fat depots in older adults may also infl uence the relationship between body composition and vascular function at different ages. 48 , 49 Overweight or obese children have a higher cardiac output and lower aortic stiffness than normal weight controls, which is thought to mitigate some of the harmful effects of obesity on the vasculature. 16 Our fi ndings indicate that cardiac output is positively associated with body fat%, when age and body size are adjusted for, which indicates that cardiovascular compensation for body composition may occur in adults and in children.
What effect the reduction in PWV among children and young adults with elevated body fat has on long-term cardiovascular Simple plots illustrating the interaction between age and body fat at 3 representative age points. Each slope ' s gradient represents the effect size and direction of the relationship between body fat and log (aortic pulse wave velocity [PWV]) for the age specifi ed calculated by regression with all covariates held constant. 34 Slopes with a gradient signifi cantly different from zero ( P < 0.05) are starred. As age increases, body fat has an increasingly positive association with log (aortic PWV). Simple plots illustrating the interaction between age and lean mass index (LMI) at 3 representative age points. Each slope ' s gradient represents the effect size and direction of the relationship between LMI and log (aortic pulse wave velocity [PWV]) for the age specifi ed calculated by regression with all covariates held constant. 34 Slopes with a gradient signifi cantly different from zero ( P < 0.05) are starred. At younger ages LMI has a positive association with log (aortic PWV).
by guest on June 27, 2017 http://hyper.ahajournals.org/ Downloaded from risk is not known, but it has been observed that overweight children who recover their normal weight have similar outcomes to those who were never obese. 50 Two interventional studies have recorded a small fall in PWV after weight loss in overweight or obese middle-aged adults but whether the effect is similar in younger adults remains unknown. 9 , 51 The relationship between excess cardiovascular risk and the degree of obesity is nonlinear, and our fi ndings indicate that the cardiovascular response to dietary interventions might be expected to vary according to age group and the proportion of body fat at baseline. 52 -54 Further research is needed to determine in which obesity phenotypes and age groups weight loss interventions are most effective in leading to improved cardiovascular outcomes.
There are limitations to this study. The participants were recruited by advertisement and so may not be representative of the general population. As we excluded subjects with known cardiovascular disease or associated risk factors, our cohort underrepresents individuals with diabetes mellitus when compared with the general obese population. 55 The study was not suffi ciently powered to undertake a further subgroup analysis by ethnicity and so we do not know whether these results are applicable to all ethnic groups. Owing to limits of MR scanning tables, we were unable to study patients in excess of 100 kg, and the effect on PWV in more severely obese subjects is unknown. We assessed PWV in the proximal aorta, a technique widely used for research on obesity, 9 , 37 which has the advantage of giving precise measurements of vessel length. However, we did not assess the effect of adiposity on the less elastic abdominal aorta or the muscular peripheral vasculature. 41 , 56 We measured body composition using bioimpedence, which is a well validated method of assessing body fat; 57 however, dual energy x-ray absorptiometry 7 and whole-body MRI 37 may be more accurate in defi ning the distribution of fat.
Perspectives
Aortic stiffness is a major subclinical biomarker for cardiovascular disease; however, the effect of body composition on aortic function across the entire adult age range is uncertain. We have shown that elevated body fat in healthy young adults is not associated with proximal aortic stiffening, and that this adverse vascular consequence of obesity may not be apparent until after middle age. This may refl ect vascular adaptation to obesity in younger adults, which is lost with advancing age, or the time taken for obesity-related damage to accrue, but the mechanisms relating adiposity to vasculopathy remain to be established. Longitudinal studies are needed to fully elucidate the changing relationship between body composition and aortic stiffness as age progresses and to evaluate what effect this may have on long-term cardiovascular risk.
